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~~^Thls  report  summarizes  the  main  results  of theoretical  and  exnerimenta 
Investigations  on  two-photon  Interaction  processes. 

fhir  theoretical  Investigations  have  been  directed  to  the  analysis  of  the 
evolution  of  an  optical  pulse  through  a pumped  medium  which  operates  as  a 
two--photon  amplifier.  The  physical  model  under  consideration  consists  of  a 
collection  of  atoms  prepared  In  a state  of  Inversion  between  two  levels  of 
the  same  parltv.  An  Incident  pulse  with  a carrier  fremiencv  approximate! v 
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f equal  to  one-half  the  atomic  transition  frequency  stimulates  an  Induced  non- 
linear polarization  which  oscillates  with  the  same  carrier  frequency  as  the 
Incident  pulse.  The  evolution  of  the  coupled  atom-field  system  Is  described 
without  restriction  on  the  duration  of  the  Incident  pulse  and  of  the  atomic 
relaxation  times. 

-Wc-show  that  ^der  coherent  propagation  conditions,  l.e.  when  the  pulse 
duration  Is  much  shorter  than  the  atomic  relaxation  time,  considerable  pulse 
sharpening  and  power  amplification  la  possible  above  threshold.  In  the  rate 
equation  limit,  a regime  where  the  atomic  relaxation  times  are  much  shorter 
than  the  pulse  duration,  -we— find  that  optimum  amplification  conditions  occur 
when  the  frequency  of  the  incident  pulse  is  detuned  from  its  resonance  value. 
The  entire  range  from  the  coherent  to  the  rate  equation  limit  Is  explored  with 
the  help  of  hybrid  and  digital  computer  simulations. 

■OuTig^erlmental  investigations  have  lead  to  the  measurement  of  the  two- 
photon  a£^sorptlon  constant  In  ZnS  using  a 0-swltched  ruby  laser  as  the  source. 
The  measured  value  of  the  absorption  constant  Is  0.011  cm/MW. 
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FOREWORDS 


Due  to  the  different  nature  of  the  theoretical  and  exnerfnental 
Investigations  discussed  In  this  report,  ve  have  decided  to  divide 
the  presentation  Into  two  parts.  l.\ch  part  of  the  report  Is  self- 
contained  with  Its  main  text,  figures  an.d  i^igiire  cantlon.s,  as  shown 
In  the  table  of  contents. 
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1.  Introductloti 

Later  anpllflcatlon  by  two-photon  stlmnliited  decay  was  first  considered  in 
1 2 

the  early  sixties  ' as  a means  of  producing  high  peak-power  radiation  pulses. 

Since  then,  considerable  progress  has  been  made  in  understanding  the  dynamics  of 
two-photon  processes,  especially  in  the  coherent  regime  . (The  term  coherent  is 
used  to  signify  that  the  atomic  relaxation  time.s  are  much  longer  than  the  duration 
of  the  propagating  pulse.)  Recent  Investigations  have  revealed  numerous  qualitative 
almi lari  ties  between  coherent  two-photon  absorption  processes  and  their  single- 

4 

photon  counterparts  . Little  attention,  iiowever,  has  been  paid  to  the  physics  of 
two-photon  amplification^ and  especially  to  the  effects  of  atomic  relaxation  on 
the  dynamics  of  the  process. 

Here  we  discuss  the  feasibility  of  producing  laser  amplification  bv  two-photon 
stimulated  emission.  The  active  medium  is  modeled  as  a collection  of  identical 
atoms.  Initially  prepared  in  a state  of  inversion  between  homogeneously  broadened 
levels  of  the  same  parity,  sep.irated  by  a frequency  d i f fj'rence  . We  are  especiallv 

concerned  with  the  possibility  of  inducing  a non- 1 i n<*a r polarization  which  oscillates 
at  the  same  frequency,  l\) ^ inciilent  pulse.  The  induced  polarization 

is  regarded  as  the  source  of  .i  local  fielii  win  i h avids  coherently  to  the  input  wave 
to  produce  additional  atomic  pol.iri  .’at  ion  deept-r  In  tlu'  .imp  1 i fving  medium.  ()ur 
proposed  scheme  is  based  on  the  will  knov.'n  s i \ic ! e-pbot  on  amplifier  theory  of  Arecchi 
and  bonlfacio^.  In  fact,  siml  l.irit  ies  .ind  ditte'ences  between  their  result.s  and  ours 
will  be  repeatedly  pointed  out  din  ing  our  I i ,s  us.s  i on  . 

Ihere  are,  however,  d i f I ereuci's  that  arc  worth  sirniMri  :lng  at  tiie  outset.  For 
convenience  wc  may  distinguish  between  ’wo  diilerent  dynamical  regimes.  The  first, 
called  coherent  propag.ition,  occurs  when  the  incident  pulse  is  mucii  shorter  than 
the  characteristic  atomic  relaxation  times. 


I 


3 


1 


In  the  coherent  propaf^ation  limit  we  find  that  an  area  equation,  similar  in 
•ome  respects  to  the  Arecchi-Boni faclo  area  equation,  can  be  derived  to  predict 
the  evolution  of  the  pulse  energy.  Our  area  equation  allows  different  steady  state 
solutions  for  the  pulse  energy,  unlike  the  Arecchl -Boni facio  equation  which  allows 
a unique  steady  state  solution. 

In  addition,  the  threshold  condition  for  power  amplification  imposes  constraints 
on  both  the  gain  constant  of  the  active  medium  and  on  the  incident  pulse  energy. 

More  precisely,  we  find  that  the  two-photon  amplifier  has  no  small  signal  gain  so 

that,  even  if  the  gain  constant  is  large  enough  to  allow  power  amp  1 1 f 1 ca t ion , a ' 

weak  incident  pulse  will  not  be  amplified.  On  the  contrary,  if  the  incident  pulse 

energy  exceeds  a certain  threshold  value,  power  amplification  will  occur  with  the 

subsequent  formation  of  single  or  mul t i ple-pulsea  in  an  aralvtically  predictable 

fashion. 

Unlike  the  case  of  the  Arecchi -Bon i fa c i o amplifit'r,  no  envelope  steady  state 
is  possible  for  a two-photon  amplifier  because'  there  is  no  power  saturation  mechanise, 

In  the  model  to  limit  the  growth  of  the  pnip.i  g.i  t Ing  pulse  .ibovi'  threshold. 

The  rate  equation  regime  olfcTS  additional  interesting  v.iriations  n'lative  to 
the  corresponding  behavior  of  .i  singh'-ptuiton  aniplirier.  In  the  case  of  the  Arecchl - 
Bonifacio  theory,  it  is  known  th.it  peak  .impl  1 i i r.i  t ion  occurs  when  the  carrier  frequency 
of  the  incident  pulse  coincides  with  the  transiticin  Ireqiii'nc'  of  the  two  levels  ol 
interest.  In  our  case  we  find  that  ttu'  frequenev  responsi-  ol  the  system  is  ni't 
synrictrlc  with  respect  to  the  detuning  parameter  ..C  u.)  - a ^ in  fact,  for  fixed 
values  of  the  parameters  charact  eri  :rlng  the  active  mediin,  we  find  that  power  ampli- 
fication la  enhanced  for  positive  values  I'f  the  detiinine,  pai.imeter  and  depressed, 
instead,  for  negative  values  of  i.‘  - <■  ,,  , . Ihis  1 1 1 he  easily  explained  on  the  hisis 
of  tlic  non-linear  interaction  mech.inlsm  propcised  for  the  system. 

Our  discussion  di'velops  .ilong,  the  tollowini-  main  lines.  In  Section  2 w.’  des- 


cribe the  Sasic  features  ot  tlii'  mixlel,  mU  .!■  ii\.  the  teuplel  propagation  equations 


r 
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that  govern  the  evolution  of  the  light  pulse.  In  Section  3 we  discuss  the  atomic 
relaxation  mechanism,  and  compare  the  limiting  coherent  and  rate  equation  regimes. 
Section  4 contains  the  results  of  a hybrid  computer  simulation  designed  to  describe 
the  propagation  process  for  arbitrary  values  of  the  pulse  duration  and  of  the  trans- 
verse atomic  relaxation  time.  In  Section  S we  discuss  the  details  of  the  rate 
equation  regime  and  the  behavior  of  the  amplification  process  for  different  values 
of  the  detuning  parameter. 

As  Indicated  In  the  forewords,  the  last  .section  of  this  report  deals  with 
some  experimental  aspects  of  two-photon  absorption  In  ZnS . This  subject  being  un- 
related to  the  theoretical  description  of  the  two-photon  amplifier  will  be  discussed 
separately  at  the  end  of  thle  rtport  In  Section  6. 
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2 . Description  of  the  Model  and  Equations  of  Motion . 

Our  formulation  of  the  problem  closely  parallels  the  self-consistent  field 
approximation  theory  of  a single-photon  laser  amplifier  advanced  by  Arecchi  and 
Bonifacio  . In  the  same  spirit,  we  visualise  the  amplification  process  as  resulting 
from  the  following  steps:  an  incident  quas  i-monochromatic  light  pulse  of  frequency 

OJ  Impinges  on  the  medium.  It  stimulates  a macroscopic  polarization  at  the  same 
frequency,  and  Interferes  with  the  re-radiated  field  from  the  macroscopic  polari- 
zation. The  new  total  field  repeats  the  cvcle  as  it  propagates  through  the  medium. 
The  system  will  behave  ns  an  amplifier,  or  as  ,;n  absorber,  depending  on  the  relative 
phase  between  the  incident  and  the  ri'-radiat  'd  light. 

Our  system  is  assumed  to  be  initially  prop.irod  in  a state  of  inversion  between 
two  levels  of  the  same  parity.  From  a practical  point  of  view,  in  order  to  maintain 
the  Inversion  for  a reasonable  length  of  time,  it  is  important  that  no  dipole-allowed 
intermediate  levels  exist  between  the  levels  of  interest  (Fig.  11.  It  will  be 
assumed  here  that  the  laser  levels  are  the  ground  and  first  excited  states  of  the 
active  atoms.  The  levels  are  separated  bv  an  energy  diifference  it’(,^and  art.  coupled 
by  dipole-allowed  transitions  to  higher  Iving  eni'rgy  levels. 

The  incident  electric  field  is  .issum.etl  to  be  a quasi -monochromatic  plane  wave 

c5(x,  tl  tlcos(jt  -kx+tj(x,  tll^  (2.11 

where  t)  and  (^'’(x,  tl  are  slowly  varying  functions  of  space  and  time,  U'  Is 

the  carrier  frequency,  and  k the  propagation  vt'ctor  directed  along  tht>  x axis.  We 
choose  a frequency  /v’  such  that  2 i>’  - The  condition  2 r will  be  called  two- 

(4 

photon  resonance. 

l.et 

I j > a-  r^(tle'‘"  'Sa  ^ I f t 1 e' ‘ |S  \ 

.1 


(2..'1 
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be  the  arbitrary  atate  vector  of  an  active  atom,  with  C,(t),  C (t)  and  C,(t)  slowly 

j a b 

varying  amplitudes.  The  evolution  of  the  state  vector  (2.2)  la  Induced  by  the  Hamil- 
tonian 

H - E^|a><a  I + E^lbXbl  +£e.  (jXj/  - p-^(x,  t)  , (2.3) 

J 

where  the  atomic  polarization  operator  p is  assumed  to  take  the  form 

+ he  rmltlan  adjoint  . (2.4) 

J J 

In  eq . (2.4),  we  have  neglected  terms  Involving  dipole  matrix  elements  of  the  type 
Pjj/  on  the  ground  that  the  intermediate  levels  are  never  populated  for  a signifi- 
cant length  of  time,  and  interference  effects  between  intermediate  state  amplitudes 
are  negligible.  The  Schrodlnger  equation  for  the  atate  vector  (2.2)  with  the  Hamil- 
tonian (2.3)  reduces  to  the  set  of  coupled  linear  equations 

l-fiC^(t)  - J £(x,  t)C/t)e'^^‘''j"^a)t  ^ 


'j 


if)C 


IfiC  .(tl  - - 31,„Z(x,  t)C  \t) 


J 


ja 


■i(w'^-'J^)t 


if.,  c('c,  t)r  (t)e  ^ j '^b 
jo  b ^ 


(2.5a) 

(2.5b) 

(2.5c) 


where  are  the  projections  of  p^  and  Pj  , along  the  direction  of  polarization 

of  the  field.  Since  we  Intend  to  focus  our  attention  on  the  evolution  of  the  ampli- 
tudes and  we  eliminate  the  intenru  diate  amplitudes  bv  formallv  integrating 

eq . (2.5c)  and  substituting  the  result  into  eqs.  (2.5a)  and  (2.5b).  The  new  exact 
form  of  the  equation  of  motion  for  C is 


i.(o  - -I 


-'^a' 


(x,  t)  e 


) dt' 


(2.61 


t')C  (t')e*“'ja‘^  -f  ---■ i-'-  ' (x,  t'U;  (t' 
i r?  a ^ b 

A similar  equation  holds  for  the  .implitu<!<’  i',  . 

b 

At  this  point  we  make  the  slowly  varying  envelope  approximation.  This  amounts 
to  replacing  £^(x,  t'),  {;^^(t'),  and  Cj^(t''>  inside  the  integrals  with  their  \-alues 
at  the  upper  limit  of  lnt<*grat  ion , .'in<!  i.irrvin.’  om  th-  ox.ict  integration  of  the 
remaining  exponential  facLor.s. 
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After  retaining  the  slowly  varying  terms,  we  arrive  at  the  following  equations 


of  motion  for  the  ground  and  excited  state  amplitudes  C and  C. 

3 D 

C - kk  .E  *‘C  + k |E  pC  > 

bbaboa  bb'ob 


(.'’-.7) 


(2.8) 


In  eq  . (2.7)  and  (2.8)  we  have  introduced  the  new  field  amplitude  defined  by 
c^'  ( A,  H r C.  o.  I ' ' ^ ’ t c-  ( a.'  f - + W ) 


= E ■ I 


(2.9) 


and  the  atomic  parameters 


K, 


jh  ^ 


('’.10) 


K , i,  - T *— - 

t .a 

It  is  worth  pointing  out  that  in  the  identification  of  the  slowly  varying  terms 
leading  to  eqs.  (2.7)  and  (2.8)  we  liave  excluded  tlu‘  pos.sibility  of  accidental 
resonances  of  the  type  I i;  and  | ^*0- 

As  a check  of  consistency  on  the  adiabatic  elimination  of  the  Intermediate 
amplitudes,  we  observe  that  the  probability  conservation  statement 


i(icj'  ■ I,  ,,r'  I _ 

Jfrl 


(2.  ID 


follows  directly  from  the  equations  of  motion  (2.7)  .and  ('.8i.  At  thi.s  point  we 
are  dealing,  in  effect,  with  a fictitious  two-level  system.  The  presence  of  the 
intermediate  states  is  retlected  indirectlv  in  the  qu. nil. it  it  field  dependence 
exhibited  in  eqs.  (2.7)  and  fe.'ture  which  is  in  sh.  ;p  contrast  with  the 

result';  of  the  one-photon  .implii  it'r  ilu'oiv. 
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Guided  by  past  experience  with  one-photon  processes,  one  can  cast  eqs.  (2.7) 

g 

and  (2.8)  in  the  form  of  a Bloch  set  of  equations  . The  identification  of  the 
appropriate  Bloch  variables  is  aided  by  the  calculation  of  the  total  polarization 
source . 

By  definition,  if  N is  the  nun!)cr  of  atoms  per  unit  volume,  the  atomic  polari- 
zation is  given  by 


V /\j'  < P > - A'  \ ^ i-' I H , (2.12) 

where  the  state  vector  given  by  eq . (2.2).  Upon  elimination  of  the 


intermediate  amplitudes  C^(t),  and  after  performing  the  slowly  varying  amplitude 


approximation  as  done  in  the  derivation  of  oq  . (2.7)  and  (.1.8),  the  total  polari- 
zation takes  the  form 


^ ^ I ^ l I t ((',  (/ 


c..  c.  r 


• ^ ( X / n C t>  ^ ( 60  c - k X * 


■V  (Q  C'j'  o - L,,  ( „ ^ ) / ^ ^ f j , 


(2.13) 


where 


iX  ; (J.  iv  - , ) t - I 1:  X t ^ 


in  close  analogy  -with  the  one-photon  amplifier  theory,  the  atomic  polarization 
contains  one  con:ponent  whicli  is  in  phase  am!  one  in  quadrattue  with  t!ie  driving 
e lec  t rona  gne  t i c field.  In  tlii.s  las'.-,  howevv'r,  t !u  polarization  components  are 
explicitly  proportional  to  the  ilectric  lield  enmlope.  Kurtliermore , tin-  quadr.iture 


component,  which  is  respens  i 1)1  - ■ for  dlsp-  rsion  etlhvts,  d:>pends  also  on  the  .ifoTulc 


population  through  and  |Cj  |^, 
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The  polarization  (2.13)  plays  the  role  of  the  source  term  in  Maxwell's  wave 
equation 

i -)t  t -i'P 


; X 


(2.14) 


Upon  setting 

p = ( X,  ( ) /'m  ( to  (■  - ir  A t 4 j ■ X.  f ) C05  ( u:>t  - k X + ^ 


(2.15> 


where  and  are  the  slowly  varying  in  phase  and  In  quadrature  components  of 

P(x,  t),  eq . (2.14)  reduces  to  the  pair  of  transport  equations 


I — > 

r. 


tAc  , .-i  ) 

''  ' ? X .t’  ’ , 


V IN.  / j : > 

C-  U_'.’  - - --  / , 

: X ;i  t Ac  ^ 


(2.10) 


(2.17) 


As  usual,  the  field  equations  (2.16)  and  (2.17)  arc  valid  in  the  slowly  varying 
amplitude  and  phase  approximation. 

The  formal  analogy  between  oqs.  (2.7)  and  (.’.8)  and  those  describing  alnglc- 

d . 4 

photon  transitions  has  been  recognized  by  previous  workers  ’ . Such  analogy  is  maile 


especially  transparent  by  introducing  the  new  itomlc  vari.ibles 
i = <[^a  '■  - '-8  ' ) 


o / / ♦ ' ' \ 

Kj  r — -tieij.  (.  / 
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Equations  (2.19)  are  fonnally  identical  to  the  Euler  equation  for  a preceating  top 


LK  c.  A 

Jir 


(2.20) 


with  R = (R^,  R^,  R^) 

yv  t r L' 


A,'  - 


h 

7t- 


(2.21) 


A 


clearly,  the  length  of  the  Bloch  vector  la  conserved.  The  atomic  polarization  (2.131 
and  the  field  equations  (2.16)  and  (2.17)  can  also  be  expressed  in  terms  of  the 
new  atomic  variables  as  follows 


P = - Co  [ fA  + ) 


ctc  (iA)t  - k X j 

(2.22) 


and 


(c  2-  ^ 2 ) (.Zu)-.v..* li  ) z 


e,. 


**  f.1.  ~ k j 


(2.23.11 


(c?-- A)<" 

V ..X  2 


c.. 


(2.21b1 


Flna  1 ly^  after  a few  minor  clwmeia  of  not;  t j on , wi-  arrive  at  the  entire  set  of 
coupled  propagation  equUlon.s  lor  the  .imf<l  i .'lor 


( ‘-'f  • ) K • 

Jl  -r  y 

- 

-If---  - J 

i I T y 

t'  - c 


- t(<\: 


( lUi  - iT  ) 


^’l: 


(2.24) 


The  atomic  and  field  variables  evolve  in  the  local  reference  svstem 


r ^ i 

c 


(2.25) 


which  is  traveling  in  the  direction  of  propagation  of  the  pulse  with  the  speed  of 
light  in  the  inert  background.  The  field  Rabi  frequency  and  the  detuning  para- 
meter are  defined  by 

cOr  t fiTr  '■  . 

(2.26) 


.(2^-cO,^,  ) t ^ -I  . 

J I 


The  parameters  y and  g are  given  by 


U ^4 
<'hb  '-a 


Lt,'  / 1 a h 


(2.27) 


Finally, ^ describes  all  other  non-resonant  loss  mechanisms  (scattering,  diffraction 
losses,  etc.)  which  the  incoming  pulse  suffers  through  the  propagation. 

We  observe  that  6«jg  depends  quadratica  lly  on  the  field  amplitude  rather  than 
linearly.  We  have  decided  to  name  CJr  the  Rabi  frequency  of  our  problem  because  it 
plays  an  analogous  role  to  the  usual  Rabi  frequency  introduced  in  the  discussion  of 
one-photon  processes  . 


h 
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Certain  differences  between  the  two-photon  amplifier  equations  and  those  derived 

by  Arecchi  and  Bonifacio  for  the  one-photon  amplifier  can  be  discussed  at  once.  The 

effective  detuning  parameter  lOi;  < is  explicitly  field-intensity 

f I y' 

dependent*,  the  term  proportional  to  ,\'n  plays  the  role  of  a dynamic  Stark  shift. 

The  field  equation  for  0,^  displays  a field-intensity  dependent  gain  coefficient. 

This  indicates  that  the  amplifier  will  not  exhibit  small  signal  gain,  and  that 
it  will  have  an  entirely  different  assmiptotic  (large  >j  ) behavior  for  the  propagating 
pulse.  Thus,  while  one  of  the  main  features  of  the  Arecchi -Boni facio  amplifier 
theory  was  the  prediction  of  a steady  state*  pulse  with  an  amplitude  proportional  to 
the  Instantaneous  induced  polarisation,  no  such  steady  stale  pulse  can  be  found  for 
a two-photon  amplifier.  Finally^  in  the  coherent  regime  (no  atomic  relaxation!,  the 
frequency  detuning  and  the  field  intensity  i-  j-;  evolve,  coupled  to  one  another  hy 
a conservation  law  which  is  an  exclusive  feature  of  the  two-photon  model.  This  can 
be  seen  from  the  last  two  equations  in  (2. Tn  fact  tin*  transport  I'qu.itions 

eV 

j ! (2.:'8) 

. * f r — ^ '•  ('  '■  • 

(2.^9! 


I >' 

■ i 


can  be  combined  to  give 


• ) 


I 

\ »» 

( 


Fquation  (2.29)  can  be  integrated  .it  once,  with  the  result 


f 'r  -C  ). 


f2. 30! 


Hence,  for  suftlciciUly  1 d i st.im  ( s intu  the  m pi  i f in',  flu'  deHinin^  p-T.int'ter 

vanishes,  and  the  instantaneous  e.irrier  I ri*']ne!icy  et  the  field  hocoxvvs  On 

the  i>ther  hand,  if  the  incident  signal  satis!  < th-'  ciimlitiini  h’  - 
will  be  maintained  throiu-h'tit  the  -n  p I i 1 i c.U  i on  proci'S. 


i 
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3 • Atomic  Relaxation.  Coherent  and  I ncoherent  Propagation . 


Before  Introducing  relacatlon  terms  for  the  atomic  variables,  we  observe  that 
the  Bloch  variables  Rj^,  and  R^  are  not  fundamental  parameters  of  the  problem. 
The  structure  of  the  atomic  polarization  (2.22)  and  of  the  field  equations  (2.2T) 
Indicate  that  the  appropriate  atomic  variables  are 


R 


c --  - /( 

pr 


p;' 


') 


(3.1) 


.'D  r (It)’*)  Tm 


V 


where  R^  Is  the  equilibrium  value  of  the  population  difference  prior  to  the  arrival 
of  the  leading  edge  of  the  propagating  pulse. 

In  terms  of  the  new  variables  the  eoiipleJ  Pchrodlnger-Maxwel 1 equations  take 
the  form 


^ ( r r ) c.  4 (r.h:  4 f’  ■ ) r 


'/7, 
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- I*-  R ■' 


(.P  i) 
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where  we  have  set 


f I I J R ) - * 

- O r-  ■ 


(3.2) 


! , 


r - 


I ' ) 


(3.3) 


( I - 


,7 


and  where  we  have  Introduced  the  phenomenological  relaxation  terms  H-- 

h ' L'  ' ^ i 

in  the  usual  ta.shion.  We  observe  th.ai  in  ri'Siuianct  ( ' ■ *■  0)  the  set  of  coupled  equntli'ns 
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raduces  to 


22 

or 


z:  oOo  3 - 


-3_o 

or 


- ^ u)^  r>  - i-  (3  i ) 


r. 


(3.4) 
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1.0.  the  In-phaoe  component  of  the  pol.irl nation  C remains  identically  equal  to  zero 
for  all  time.  In  terms  of  these  new  vari.ibles,  the  formal  analogy  between  the 
resonant  set  of  equations  for  a two-photon  amplifier  and  those  derived  by  Arecchl 
and  Bonifacio  Is  even  closer.  In  fact,  if  we  neglect  the  relaxation  terms,  the 
formal  solution  of  the  atomic  equations  becomes 


S “ sin 
D “ cos  r 


(3.5) 


where 


?::r 


, 1 - 


(3.6) 

In  the  one-photon  transition  11 teraturo (referred  to  as  the  pulse  area)  has  played 
an  important  role  in  connection  with  the  description  of  coherent  transient  phenomena. 
In  the  context  of  the  two-plioton  transition  theory  an  equivalent  central  role  is 
played  by  the  area  under  the  pulse  intensity.  The  resonant  sot  of  equations  (3.4) 
can  be  reduced  to  a single  area  equation  by  using  eqs.  (3.5)  and  (3.6).  The  result 
of  the  simple  calculation  is 


-- — ’ - (.)  , u'  ll- 

Or>i 


. (3.7) 

It  is  convenient  to  follow  the  evolution  of  tlie  total  integrated  pulse 


(7J  - 
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Upon  Integrating  eq.  (3.7)  with  respect  to  and  letting  T approach  Infinity,  we 


r - ^ 7-(\)  ^ i-  Z(>v)  . 


(3.9) 


It  la  simple  to  derive  precise  qualitative  and  quantitative  predictions  on  the 
behavior  of  the  total  Integrated  pulse  area  on  the  basis  of  the  area  equation  (3.9). 

Consider  first  the  steady  state  solutions  of  eq . (3.9).  They  must  satisfy  the 
transcendental  equation 


\ _ a>.-.  z ^ L{\) 

tj 


(3.10) 


As  shown  In  Fig.  2,  non-trlvlal  solutions  to  Eq . (3.10)  will  exist  if  the  ratio 
I 

— is  sufficiently  small,  i.e.  if  the  gain  parameter  Is  sufficiently  larger  than 

G 

the  linear  loss  coefficient.  Multiple  roots  are  also  apparent  for  small  values  of 

— . Fig.  2 shows  the  possible  intersects  of  the  straight  line  for  different 

G 

values  of  the  gain  to  loss  ratio  ‘l.  The  three  cases  shown  in  the  figure  correspond 

0 

to  ^ “ 1,  2 and  5 respectively.  A simple  stability  argument  shows  that  beginning 

i 

with  the  trivial  stable  solution  Z = 0,  the  stable  and  unstable  solutions  alternate 
with  one  another.  The  actual  value  of  the-  asymptotic  solution  ^i-”Ms  determined 
by  the  gain  to  loss  ratio  and  by  the  initial  value  of  X • Thus,  for  example,  a 
pulse  with  an  Initial  area  3 propagating  in  a medium  characterized  by  a gain 

to  loss  ratio  of  5 will  continue  to  grow  until  its  area  reaches  the  stable  asymptotic 
value  4.76,  while  a pulse  with  an  input  area  6 will  experience  power  amplifi- 

cation (as  shown  by  the  computer  solutions  of  the  full  sot  of  equations)  with  a 
reduction  of  the  pulse  area  from  the  initial  value  6 to  the  asymptotic  value  4.76. 

The  general  conclusions  that  can  be  reached  from  the  analysis  of  the  area 


equation  (3.9)  and  of  its  asymptotic  solutions  are  summarized  as  follows; 
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1)  Two  requl rementa  muat  be  met  for  the  propagation  of  a pulae  with  an  aaymp- 
totic  area  First  the  gain  to  loss  ratio  must  be  larger  than  a 

threahold  value  (the  inverse  of  the  slope  of  the  dashed  line  In  Fig.  2, 

^ X 1.38).  Secondly,  the  Incident  pulse  energy  ( ^ (C')  ) must  be 

it' 

larger  than  the  first  unstable  root  corresponding  to  the  given  choice  of  i'  . 

♦ 

If  both  conditions  are  met,  the  total  pulse  energy  will  converge  to  a 
stable  non-zero  value. 

11)  The  output  value  of  the  pulse  energy  can  be  larger  or  smaller  than  the 

Input  value  2.  (0).  In  botli  cases,  the  solution  of  the  coherent  resonant 
equations  shows  that  power  amplification  will  occur  if  the  conditions  (1) 
are  met. 

Ill)  There  Is  no  small  signal  gain. 

Iv)  It  Is  anticipated,  and  confirmed  by  the  computer  simulation,  that 

multiple  pulses  can  bo  propagated.  In  fact,  we  find  that  if  a pulse  evolves 
to  an  area  given  by  the  n-th  st.ible  root,  the  pulse  will  spilt  Into 

(n-1)  distinct  pulses. 

v)  It  is  also  anticip.ited  that  no  steady  state  pulse  envelope  will  be  found. 
This  Is  confirmed  by  the  computer  simulation,  v,du  re  it  is  seen  that  when 
the  threshold  conditions  arc  satisfit'd,  the  peak  power  continues  to  grow, 
while  the  pulse  duration  becomes  smaller  and  smaller  as  the  pul.se  area 
approaches  its  stable  asymptotic  value. 

We  consider  now  the  extreme  limiting  cas('  I’f  very  short  atomic  relaxation 

times  (rate  equation  limit).  From  eq . (1.21  we  can  see  that,  if  i1L  ; 0,  then 

o.- 


as  well.  Hence,  In  the  incoherent  prop.igation  limit  the  detuning  parameter  becomes 
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Independent  of  . Thle  Is  in  sharp  contrast  with  the  result  of  eq . (2.30),  which 
cherecterizee  the  coherent  propagation  limit.  In  the  rate  equation  limit,  the 
•teady  state  values  of  the  atomic  variables  are  given  by 

T2  lJ(i 


3 - 


i + ^ ‘ ) ■*  Ti  ( f u’,;  ' ) 
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+ L t:  V r j:  ) , Tj-  ^ f., . . ) 
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i ^ ( r Jp  + Ii ) r/  i r-  i>  > r,  r,  u.',^ 


The  evolution  of  the  field  variable  6 'p  is  described  by  the  non-linear  transport 
equat ion 


r, ...  : 


( U : 


i ‘ U T, 
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(3.  in 


It  is  easy  to  see  that,  cveit  in  the  rate  equation  limit,  small  signal  gain  is  not 
possible  for  a two-plioton  amplifier.  Kacti  segrunt  of  tlie  propagating  pulse 
can  be  viewed  as  propagating  i ndepi  iiden  1 1 v of  the  otiicrs  according  to  cq . (-'.13). 

If  - l-Ciri  represents  tlio  input  field  Intensity  at  a particular  position 

from  the  pulse  leading  edge,  it  is  easy  to  see  tliat  ampl i t i cat  ion  will  occur  it 


G_ 


T. 

d ^ -V  ( . r ) 


^ 1 


n . 141 


In  resonance  (al  “ 0)  it  is  clear  that  tlu'  conditii'n  >1  is  not  sutiicient  for 

< 

ampl  I flcatlon.  Indeed,  one  imist  reqtiiri' 
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which  may  not  be  satisfied  for  » sufficiently  small.  Surprisingly  enough,  a 
large  signal  is  also  not  amplilled  unless  thi*  condition 


() 

( 


i 


> i 


(3.16) 


is  satisfied.  In  the  rate  cqu.ition  limit  .mil  for  resonant  propagation,  our  qualita- 
tive analysis  points  to  the  following  general  lonclusions: 

1)  The  leading  edge  of  the  propigating  pulse  is  always  absorbed  by  the  action 
ot  the  linear  loss  mechinism. 

li)  It  the  gain  to  loss  ratio  is  sat  t ic  I ent  ly  l.-irge,  amplification  will  occur 
for  those  -alues  of  the  pulse  'nteusitv  that  satisfy  eq . (1.15). 

Lii)  As  the  pulse  intensity  increases,  a stiadv  state  condition  is 

reached  when 


- ' • ( i . 1 /'  i 

' <.'/;■  - ..  ' 

Since  the  steady  state  value  is  only  .i  tunction  of  the  gain  tii  i.'ss 

ratio  and  of  the  atomic  r»  laxation  times,  it  is  predicted  th.it  pulse  re- 
shaping will  t.ike  pi  .ce  With  the  pulse  leiding  -ind  tr.iiling  I'dges  becoming 
sharper  and  t lie  pnl.se-lop  llattening  out.  I'n  the  other  hand,  pulse  splitting 
will  he  imposs i hi e . 

iv)  Out  of  resonance  / 'it  is  pcediiteil  tbit  the  maximimi  pulse  growth 

rate  will  occur  it  the  intensity  lep,  ndeiit  v 1 1 lU'  ot  tiie  detuning 

(3.181 

i hus , unlike  [lie  ,is..  ii  I tii,-  sin,le  nliotoii  .implilii'v,  i iie  frequency  dip«n- 
dence  of  tile  In.Htiiit  iiuons  ea  i n is  not  syi.iru  t i i e .ihoiit  =■  0.  i'ln  s lack 
of  svTiru't  ry  is  a 1 sii  eihibiti'd  h\  the  dispersion  i ha  la  c I er  1 s t i cs  ot  the 


3 


steady  state  v.ili.es  o 


tin  .It, Tile  i.' : 1 ihl  I's  c,  iven  hv  eq  i (3.1.'). 


The  details  of  our  computer  simulation  of  the  coherent  and  incoherent  regimes 
discussed  in  Sections  4 and  5. 
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^ • Computer  Slinulatlon.  Coheren t nnd  Intermediate  Propagation  ReRlmea . 

The  set  of  coupled  equations  (3.2)  have  been  analyzed  with  a hybrid  computer  for 
a variety  of  choices  of  the  parameters.  We  have  limited  our  simulations  to  the 
resonant  condition,  and  investigated  the  following  main  features  of  the  propagation 
problem: 

1)  A verification  of  tlie  analytic  prediction  that  if  tlie  detuning  parameter  .C— 
is  initially  zero,  it  remains  zero  for  every  value  of  y . 
ii)  An  analysis  of  the  thresiiold  conditions  discussed  in  Section  3 and  of  the 
relation  between  the  input  pulse  area  and  the  propagation  of  single  and 
multiple  pulses  in  the  coherent  limit. 

ill)  A study  of  the  transient  pulse  modulation  occurring  even  when  a single 
pulse  is  expected  to  propagate  along  the  amplifier.  In  particular,  we 
have  focused  on  the  atomic  relaxation  effects  on  the  envelope  modulation, 
iv)  Power  amplification  and  approach  to  equ  i I i br  i u.-i  of  the  pulse  energy.  As 

already  pointed  out.  the  pulse  peak  power  wi  ' 1 increase  above  thte.shold  • t;i 
an  increase  or  decreasi-  of  the  total  energy  depending  on  the  gain  to  loss 
ratio  of  the  amplifier  and  on  the  Incident  pulse  enc'rgy. 


I 

1 


The  physical  system  is  asaam'  d to  bi'  excited  in  a swept  excitation  mode  corresponding 
to  the  initial  .and  boo.ndarv  condition.s 

I - ■•)  1 ' 


The  initial  population  is  inverted,  i.e.  tl-,.-  p ir.'metir  (.  is  positive,  and  the  input 
pulse  envelope  is  a8sun\e,d  to  hive  the  con'^enieiit  analvtic  iorn 

' ' / , (-'...'’1 
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where  7"p  denotes  the  duration  of  the  pulse  from  the  leading  to  the  trailing  edge. 

: The  longitudinal  relaxation  time  is  taken  to  be  infinite  in  this  simulation, 

I while  T2  has  been  varied  over  two  orders  of  magnitude  to  explore  the  entire  range 

1 from  coherent  to  incoherent  propagation. 

As  a result  of  the  choice  of  boundary  condi t ions  for  the  detuning  parameter 
i ( il(  "Y  = 0,  r ) =0)  it  is  expected  that  both  and  the  in-phase  component  of  the 

1 polarization  should  remain  identically  equal  to  zero  throughout  the  entire  propa- 

!' 

I gation.  This  prediction  has  been  verified  to  excellent  accuraev. 

f, 

il  The  results  of  our  analysis  can  he  zroviped  into  two  main  classes  depending  on 

the  choice  of  the  input  area  fO')  and  of  the  pain  to  loss  ratio  (a  summary  of  the 
input  data  is  given  in  Table  [).  For  fixed  values  of  2^  (01  and  G/p  we  have  varied 
the  ratio  Vp  sin'ulata  the  different  erf'cts  of  atomi'  rt  laxation  on  the  pulse 
propagation . 

In  Figs.  3 throuch  5 we  show  the  evolution  of  an  Incident  pulse  of  area  f0>  =*  3 
propagating  in  a medium  chara(.teri  zeil  by  i gain  to  loss  ratio  I'qual  to  2.  Fpnn 
Inspection  of  Fig.  2 we  see  that  for  (,f;-  = ' and  for  an  input  area  larger  than  tlie 
threshold  value^a  single  peak  is  expected  to  propagate  in  the  coherent  limit.  This 
is  shown  clearly  in  Fig.  3.  Ry  contrast^we  see  that  for  the  same  gain  to  loss  ratio, 
but  with  a larger  input  area  (2,(0)  = 8)  considerable  envelope  modulation  is  present 
in  the  coherent  limit  (Fig.  6).  Since,  liowever,  in  the  coherent  limit  the  asymptotic- 
value  of  the  pulse  artia^  (c>)  is  controlled  only  bv  the  ratio  (J/j  , the  as>’nptotir 
values  of  ^ for  the  ca.ses  displayed  in  Fic.  3 and  h have  been  verified  to  he  the 
same . 

As  the  ratio  is  made  si-aller  fl’i.’.  A)  1 cons Idt-rab  1 e sharpening  <->f  the 

pulse  is  observed  corresponding  to  .1  l.irger  !?  icti,  :'  oi'  the  incident  pul.se  being 


below  threshold  for  amplification.  'Oi  evi  n s-ialkr  v.iluus  of  T.,  there  is  not 
enough  gain  in  the  systc^in  to  sipport  amp  1 i t i .-a  t i on  and  thi'  c'ntire  pulse  is  dissipated 
out  by  the  linear  loss  mech.anism  (Ike.  t 
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A 

I 

I 

For  a larger  value  of  the  gain  to  loss  ratio,  multiple  steady  state  solutions  I 

J 

for  become  possible.  The  computer  simulation  indicates  that  in  the  colierent  i 

regime  the  existence  of  (n+1)  stable  roots  of  the  transcendental  equation  (3.10) 

(Including  the  trivial  solution  Z ( ‘ ) " 0)  implies  the  possibility  of  propagating 
pulses  which  exhibit  up  to  n peaks.  The  general  rule  that  has  emerged  out  of  our 
analysis  is  that  the  pulse  whose  asymptotic  area  Z ( £■’ ) corresponds  to  the  n-th 
stable  root  will  show  (n-1)  peaks.  Thus,  for  a gain  to  lo.ss  ratio  of  5 and  for  an 
Input  area  2T  (0)  = 9. Bistable  double  peak  propagation  is  expected  in  the  coherent 
limit.  This  la  shown  in  Fig.  7 where  tiie  ratio  is  taken  to  be  infinite. 

r>  p 

For  decreasing  values  of  T.,  tlie  envelope  modulation  becomes  less  and  less 
pronounced  until  the  second  peak  disappear.s  altogether.  This  is  shown  in  Figs.  H 
and  9 where  the  values  of  are  1.7S  and  0.1  1,  ii^spect  ivel  v . Ipon  decreasing  T., 

even  further,  the  amplifier  can  no  longer  .support  power  amplification  and  the  entire 
pulse  dies  off  as  shown  in  Fig.  10  ( - = 0.038).  fho  rate  equation  (3.13)  indi- 

cates that  if  the  gain  G is  made  sufficiently  large  to  compensate  for  the  decrease 
in  the  polarization  relaxation  time,  power  ampll f i cation  becomes  possible  once  again. 

This  is  confirmed  in  Fig.  11  where  i.s  kept  equal  to  0.038  (us  in  Fig.  10),  but 

the  gain  to  loss  ratio  is  increased  to  12.  In  this  cast'  the  amplified  pulse  is 
more  symmetric  and  it  evolves  in  much  tin'  same  way  a.s  in  tiie  rate  equation  limit 
discussed  in  Section  5. 
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5.  Computer  Simulation.  The  Kate  Equation  I.imit. 


In  the  rate  equation  limit  the  evolution  of  the  atomic  variables  Is  controlled 
by  the  steady  state  solutions  (3.  121  and  by  the  transport  equation 


( + 1^1  ' ’i  ( • r ) ‘ I j ' 1 ' 


15.1) 


for  the  field  intensity  '-‘Jr  I ><  -).  F-:qnation  (5.1)  indicates  that  different  portions 
of  the  pulse  envelope  evolve  independently  of  one  .mother.  This  eliminates  the 
possibility  of  pulse  envelope  modul  .i  t ion  and  multiple  peak  for.nation  which  is  typical 
of  the  coherent  propagation  regimi-.  In  addition,  different  sections  of  the  input 
pulse  with  the  same  intensity  will  evolve  idinticallv.  Thus,  a svmnictric  pulse 
will  evolve  symmetrically  for  all  valuivs  of  •’  . It  is  simple  to  establish  the 
threshold  condition  tor  amplification  from  I'.q.  (3.11).  As  eypected,  a sufficientlv 
large  value  of  the  gain  to  loss  ratio  (h'i  will  not  be  enough  for  the  pulse  to 
undergo  amplification;  in.stead,  one  -.ust  require  that  tlu’  Kn  il  inst  antan'-ous 
value  of  i.V  satisfy  the  inequalitv 


; r . . ) 


(5.2) 


Thus,  the  leading  anil  tiailii.g  c <iges  oi  -hi  pnlie  ire  il..ivs  a'lserhel . Inlike 
thi!  C'lse  oi  the  coherent  prop.ii',  it  ; on  limit  tne  nulst  envilope  lets  not  sharpen  up 
indi' f ini  to  ly , but  i.th<>r  it  , ppro  cl  es  i reel  u.ul.ir  .steilv  state  shape,  the  nilse 
heichr  be-iug  cha  r act  er  i .-ed  iiy  t 'u  s '.ann  i o t ' < v lue  'f  ' - whieb  sitisfles  the  cotul . - 
tion  — ^ = 0.  Tlii.s  nualit.itive  pu'ure  is  iiilv  ipproximiielv  true,  and  fails  to 
account  for  the  pulse  evolution  vhen  the  ri.se  Itmi*  of  the  leTling  edg*'  and  the  deciv 
time  of  the  trailir.g  edge  hecoau'  conparihl'  to  IT,. 

‘■I 

I he  threshold  fntensitv  c.in  he  ea.silv  computed  from  f.q . (5.  ).  , he  result  is 
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The  asymptotic  steady  state  value  is  given  by 


a 


C5.4) 


From  Eq . (5.3)  we  conclude  chat  a necessary  condition  for  pulse  amplification  Is 


^ y I 


^ ' 1 + Ii.  ( I 


(5.5) 


A second  necessary  condition,  of  course,  is  the  validity  of  Eq . (5.3)  itself. 

A detailed  computer  analysis  of  tlie  transport  equation  (5.1)  has  confirmed  the 
above  threshold  conditions.  A few  typical  selucion.s  arc  displayed  in  Fig.  12 
through  17,  with  the  input  pul.se  plotted  ti>p,ether  with  two  anpliCted  (or  absorbed) 
pulses  further  down  alon.'  the  amplifier  ( i svimmary  of  the  input  data  is  given  in 
Table  2).  The  gain  to  loss  ratio,  the  ratio  I j 'I  , and  the  p.ir.imetcr  ^ h.ave  been 
kept  fixed,  while  the  detuning  . has  hi'en  varied  on  cither  side  of  the  resonant 
value  » = 0 . 

The  most  obvious  feature  of  these  solutions  is  the  lack  of  symmetry  In  the 
amplification  process  for  incident  pulses  th.it  are  removed  from  resonance  by  equal 
amounts  in  opposite  directions.  This  is  m.ido  explicit  in  Fig.  18  whore  the  maximun 
pulse  Intensity  f rixn  a fixed  leng.th  of  amplifying  modiiim  Is  plotted  ns  a function 
of  detuning.  It  is  clear  that  the  maximtim  ampliticni ion  occurs  for  values  of  thi 
detuning  that  are  different  from  xcro.  In  tiie  piesent  compucer  simulition,  the 
parameter  f is  negative.  11  we  h.id  chosi'n  a positive  v.ilue  tor  , the  maxinumi 


amplification  would  h.ive  occurred  lor  iii  i;ative  values  iif  the  detuning  ,1  . 


n... 
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Figure  Captions 

1.  Schematic  energy  level  diagram  for  an  active  atom.  The  energy  separation  between 
the  states  |a)>and  |b>  is  approximately  twice  the  energy  of  an  incident  photon. 

The  symbol  | j > col  lectively  represents  all  the  intermediate  states. 

2.  The  asymptotic  steady  state  solutions  of  the  area  equation  (3.9)  correspond  to 

the  intercepts  of  the  straight  lines  ^ with  the  curve  1 - cos.Z(>l.  The 

' I 

straight  lines  1,  2 and  3 have  slopes  equal  to  1,  2 and  1/5  respectively.  The 

stable  solutions  are  marked  with  solid  circles.  The  unstable  solutions  are 
marked  with  open  circles.  The  critical  slope  (dashed  line)  is  0.7246. 

3.  Computer  simulation  Illustrating  the  evolution  of  the  pulse  intensity  through 

the  amplifying  medium.  The  different  dashed  curves  represent  the  intensity 

envelope  in  different  sections  of  the  amplifier.  The  solid  curves  show  the 

behavior  of  the  corresponding  integrated  areas  '■''.■i.  The  values  of  d'  at  the 

far  right  give  the  total  integrated  area  11m  > . The  horizontal  axis 

is  the  local  time  .axis  with  i =•  0 (leading  edge  of  the  pulse)  at  the  far  left. 

The  input  area  is  (01  = i and  th.'  gain  to  loss  ratio  is  2.  The  value  of 

h.r  is  12.5. 

*■ 

4.  Same  as  Fig.  3 with  T2''t,,  ’ 1.2  5 

5.  Same  as  Fig.  3 with  T.,,-  = 0..<8 

b.  Evolution  of  the  pulse  intir.sitv  and  pulse  irc?a  cor  resp.uid  i ng  to  the  initial 
value  (0)  = 8,  and  to  a gain  to  loss  ritio  of  5.  Tlu-  rati.i  t _ is  12. 5. 

7.  Pulse  splitting  and  stable  ihmble-pul se  e rop a ga 1 1 on  in  the  coherent  limit.  The 

input  area  is  (0)  = . 8 and  t h'  ;m  1 n ti  loss  ratio  is  5.  The  ratio  1 is  1’.5. 

2 f 

8.  Same  as  Fig.  7 with  T,'i,  = 1.  '5 

9.  Same  as  Fig.  7 with  T,,  ' = 0.1  i 


10.  Same  as  i’lg.  / with  T,'  = 0.0  hS 
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11,  Same  as  Fig.  10  with  a larger  gain  to  loss  ratio  (G/t  “ 12).  The  amplifier 
is  now  above  threshold. 

12.  Computer  simulation  of  the  field  transport  equation  (5.1)  in  the  rate  equation 
limit.  The  gain  to  loss  ratio  is  equal  to  5,  the  ratio  Tj^/T.,  equals  2,  and 
the  parameter  ^ is  taken  to  be  -0.7  from  an  estimate  based  on  spectroscopic 
data  of  Calcium  atoms.  The  central  portion  of  the  input  pulse  is  amplified. 
The  leading  and  trailing  edges  are  absorbed. 


13. 

Same 

as 

Fig. 

12 

with 

the 

incident  pulse  in  resonance 

with  the  active  medium 

14, 

Same 

as 

Fig. 

13 

with 

^2' 

= 

1.5 

15. 

Same 

as 

Fig. 

13 

with 

^2- 

B 

2.0 

16. 

Same 

as 

Fig. 

13 

with 

T ■ - 
2 

- 

2.25 

17. 

Same 

as 

Fig. 

13 

with 

T fL 

B 

2.5.  The  entire  pulse  is 

below  threshold  and  no 

amplification  occurs  . 

18.  The  maximum  pulse  intensity  at  the  output  of  a fixed  length  of  amplifier  is 

plotted  as  a function  of  the  detuning  parameter  T.,  .1  . The  gain  to  loss  ratio 
is  5.  The  ratio  T^^/T.,  is  2 and  the  paranicter  f equals  -0.7. 
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Table  Caption 


Table  1.  Sirranary  of  the  Input  data  used  for  the  hybrid  computer  simulation  . 


Table  2.  Summary  of  the  input  data  used  for  the  computer  simulation  of  the  transport 
equation  (5.1)  . 
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6.  Measurement  of  the  Two-Photon  Absorption  coefficient  of  ZnS 

Our  experimental  effort  has  been  directed  to  the  measurement  of  the  two- 
photon  absorption  coefficient  of  a sample  of  hexagonal  ZnS  with  its  optic 
axis  aligned  perpendicular  to  both  the  direction  of  propagation  of  the 
incident  pulse  and  its  direction  of  polarization. 

Our  measurements  have  been  carried  out  with  a Q-swltched  ruby  laser  as 
the  source  of  radiation.  The  instrumental  set-up  is  shown  in  Fig.  1.  The 
pulsed  output  of  the  laser  operating  at  a fixed  pump  power  was  passed  through 
a 3 cm  cell  with  plane  parallel  windows  containing  a dilute  solution  of  coppei 
sulphate.  The  cell  was  used  as  a variable  attenuator  with  several  advantages 
with  respect  to  more  conventional  prism  polarizers.  We  liave  found  that  tlie 
amount  of  attenuation  can  be  controlled  accurately  and  reproducibly  by  varying 
the  concentration  of  copper  sulphate.  in  addition,  problems  related  to  beam 
displacement  wh.ich  we  experienced  with  prism  polarizers  in  the  intial  phases 
of  the  work,  were  eliminated.  The  cell  was  fastened  to  a three-point  kinematic 
mount.  This  device  enabled  us  to  remote  t lie  cell  for  cleaning  and  refilling 
and  to  reposition  it  accuritelv  without  turther  alignment. 

Alter  passing  through  .i  p.ili  ot  apLiiuiis,  j.b  r.ua.  in  diameter,  105,  of  the 
Incident  beam  w.is  reflected  by  ,i  gl.iss  beau  splitter  pi. iced  at  an  angle  of  iu'’ 
from  the  beam  direct  iiui.  The  riUitcted  h.’.im  w is  monitored  hv  an  I ofil  S- lOt) 
pliotodiode  .It  .1  distance  .0  ) n.  ! n ~.i  ■ lie  he.im  split  ti  i.  A seiio;  of  .ipi-rtures 

an  1 two  pieces  ot  ground  gl.iss  we  i e pl.uad  in  ft.  nt  oi  tin'  deteitor  to 
.ittemiate  'he  be.im  ,ind  t ' .ivi  i.iee  I mi  u u , ein  ities  ii  the  lu'.jm  tr.iiiver.e  protl'e. 

ilie  t r.insinl  1 1 ed  pi'rllon  ot  n lu  in  w is  pi'p.ig.iled  through  the  hexagon. 1 1 
Zn.h  i.r'.-l.il  s.impli'  li. icing  .i  liiigth  d.'.  , m.  Ihe  cicst.il  w.is  also  la.stened 
te  I thiee-point  flium.it  ii  nieiint  -.o  .i-.  lo  ,'e  i e ...  'Ml' I e dutliic  the  c.a  1 I h r.i  t i i)i: 
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procedure  and  repositioned  with  good  accuracy  for  the  final  measurements. 

The  laser  pulse  transmitted  through  the  crystal  was  detected  by  a photo- 
diode Identical  to  tlie  one  used  for  monitoring  of  tiie  lm:ident  beam.  The 
output  signal  from  the  second  photodiode  was  delayed  through  a 150  ,iSec  delay 
line,  and  added  to  the  signal  from  the  input  detector.  Both  signals  were 
displayed  on  the  same  channel  of  an  oscilloscope  (Tektronic  model  7o03). 

The  data  collection  was  based  on  the  me.isuri'ment  of  i!ie  peak  voltages 
produced  by  the  incident  and  transmitted  pulses. 

The  two-photon  absorption  coefficient  for  a medium  of  given  thickness 
t,  linear  absorption  coefficient  b,  and  reflectively  K can  be  arrived  at  from 

the  measurement  of  the  incident  and  transmitted  intensities  1 and  i.  The 

o 

Intensities  arc  related  to  one  another  by  the  well  known  expressic'n 
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(1-R)^  1 

o 


-(U 


1 -t-  (1-K)  o at  1 

o 


(6-1) 


Our  measuremi'iit  s .ire  based  en  the  observation  of  the  output  voltages  f ror 
the  two  photodiodes.  ae  havi‘  elu'cked  the  response  of  the  detectors  over  the 
range  of  intensities  of  intiia'st  in  this  work,  and  established  th  l the  volta  la. 
Vj  and  V,,  from  ttie  two  ptiotoiliodes  lan  he  accurately  i-xpresseJ  in  ti  rnts  ol 
the  Ineldent  and  t iansii.it  1 1 d inteusitiis  hy  the  ric  1 .0  lo.is 


V , = .1  1 , \'  hi  (*i-  1 ) 

1 o 

where  a .and  b .tre  i oust. ini'.  .Ii'p.'nd  ing  mi  the  geoiaetrv  o|  tin  set-up  and  .'ii  the 
.‘■ensitivlty  ot  tlu-  Jiode^■.  In  tern-,  ot  the  me.i.sured  v.' 1 t igi's  eq . (O-lt  ii 
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i 

1 
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e.ist  into  till'  term 
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where 


1 + a'  ac 


(6-3) 
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a’ 

b' 


(1-R)  a 

b 

1-R 


(6-4> 


The  parameter  a was  detennlned  by  removing  the  crystal  and  measuring  the  total 
energy  of  a series  of  pulses  with  a calibrated  thermopile.  Because  of  the 
low  amount  of  Impurities  and  of  scattering  losses  In  the  crystal,  we  felt 
Justified  in  neglecting  the  single  photon  absorption  contribution.  The  Fresnel 
reflection  coefficient  was  c.ilculated  from  the  known  index  of  refraction  of 
the  crystal  at  7000  X.  For  normal  iiu  idencr  we  found  K - 0.04.  Finally  the 
quantity  a'  was  related  to  the  measured  value  of  a bv 


a'  - 0.9b  a 


The  rate  a'/b'  was  extrapolated  from  the  data  by  usiiig  the  limiting  coiv.tr.iint 


1 Im 

I a-o 
o 


b' 


1 


!'■>-  O 


The  results  of  our  measurenient  s , i o 1 1 ow  i i\g  1 1\<  ii'daction  out  lim'd  a''.>vi  , 

are  shown  In  Fig.  2.  A least  squaie  tit  of  the  cat  a to  the  theiuet  leal  relation 
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I 

( 
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1 

” I I ■ I ( ()-{i ) 

h.i.s  lead  to  the  oxp<‘ r i nien  I a I twe-ph"ton  ,ib -.o  i pi  1 or.  . >'e  i i v lent  > * tl.Ul  1 cm/MV. 
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Considering  the  indirect  nature  of  the  measurement  (only  one  of  the  detectors 
was  calibrated  to  measure  absolute  power)  and  the  lack  of  direct  Information  on 
the  linear  absorption  coefficient,  our  confidence  in  the  measured  value  Is  only 
to  within  a factor  of  2.  Our  method  hi>wever  is  rather  simple  to  use  and  suscep- 
tible of  improvements.  For  example  It  would  have  been  desirable  to  switch  the 
detectors  and  to  repeat  the  same  sequence  of  measurements. 

Aasltlonal  data  are  being  collected  at  this  time  by  Professor  Tuft  at 
Worcester  Polytechnic  Institute. 
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FIGURE  CAPTIONS 


Fig.  1.  Experimental  set-up  for  the  ne.isureiruint  of  the  two-photon  absorption 
coefficient  of  ZnS  at  the  rubv  laser  operatinc  wavelength  fi‘143A. 

1 Ruby  laser 

2 Cupper  Sulphate  cell 

circular  apertures 
^l’^2  splitters 

E ZnS  crystal 
F ground  glass  diffusers 
G^ .G^  photodiodes 
H Oscilloscope 
I 150  lisee  delav  line 


! 

Fig.  2.  Experimental  points  after  the  data  reduction  process  described  In  fbr  i 

text  showing  the  hehnvlnr  of  the  r.'tln  T as  a function  o^  the  1ucl-  I 

dence  pulse  Intensltv.  The  solid  line  Is  the  result  of  the  least  ' 

Sfjuare  fit  of  the  dita  points  to  I'q.  ffi.f'l.  The  measured  two-nho'on 
absorption  coefficient  In  Znf  Is  t = 0.013  cmf'n-'. 


